In recent years, urban flooding occurred frequently because of extreme rainstorms. Sponge city construction can effectively mitigate urban flooding and improve urban rainwater utilization. Low-impact development (LID) is regarded as a sustainable solution for urban stormwater management. In this project, a comprehensive evaluation system was developed based on environmental and economic benefits using the analytical hierarchy process (AHP) and the Storm Water Management Model (SWMM) of the United States (US) Environmental Protection Agency (EPA). The performance of four LID scenarios with the same locations but different sizes of green roof, permeable pavement, concave greenbelt, and rain garden were analyzed in the Sucheng district of Jiangsu province in China. Results illustrate that the green roof performed best in reducing runoff, while the rain garden performed worst. The LID combination scenario (1) that contained more green roof, permeable pavement, and concave greenbelt facilities, but fewer rain gardens had the better comprehensive performance on the basis of environmental and economic benefits. The combined scenario (2) (LID proportion of maximum construction area was 40%) could also be an alternative. This study provides a guide to optimize LID layouts for sponge city construction, which can also provide optimal selection for other sponge city constructions.
Introduction
In recent years, high-speed urbanization led to a rapid increase in the impervious area of the surface, and the natural hydrologic cycle changed greatly [1, 2] . Due to these changes, urban flooding and runoff pollution occur frequently, which are also caused by extreme climate events [3, 4] . China is a society with severe urban flooding problems, and damages caused by flooding are exponentially increasing [5] . A survey indicated that 62% of Chinese cities suffered from floods, with direct economic losses amounting to $100 billion from 2011 to 2014 [6] . However, as developed countries in North America and Europe previously rapidly urbanized, they faced and addressed stormwater problems earlier than China [7] . Urban drainage systems aim at draining surface runoff out of urban areas. However, traditional urban drainage systems are not able to meet the current requirements for protection from urban flooding [8] . Because of the frequent occurrence of flood disasters in China and the precedents of other countries, it is of great significance for China to propose new suitable policies to deal with these hazards [7] .
The Chinese government launched sponge city (SPC) construction to address these challenges [9] . The concept of SPC indicates that a city can function as a sponge, whereby it absorbs, stores, infiltrates, Rain gardens (stormwater gardens) usually refer to extensive vegetated depressions that collect urban runoff from surrounding impervious areas, thereby promoting evapotranspiration and infiltration [21, 31] . The plants, such as small trees, wildflowers, and ferns, make excess rainwater feasible to flow into a rain garden. In order to make maintenance requirements desirable, rain gardens are to be located near institutions, such as community centers and schools [21] . Avellaneda et al. [32] showed that the flood hygrograph shifted downward after adding green infrastructure facilities such as green gardens.
To quantify LID benefits, researchers should develop some rainfall-runoff models. The US Environmental Protection Agency (EPA) Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation model which is used to simulate the formation of urban runoff, and is also widely used for LID simulation [8, 13, 20, 23] . SWMM was developed in 1971 [33] , and the current edition is Version 5.1. SWMM 5.1 set up eight LID controls in the LID module, namely green roofs, permeable pavements, bio-retention cells, rain gardens, roof closure facilities, infiltration trenches, rainwater tanks, and grassed swales [34] .
This paper analyzed the hydrologic effects of various LID scenarios in Sucheng district, Suqian city, China. A comprehensive evaluation system based on an analytic hierarchy process (AHP) [13] was proposed to quantify the performance of each LID technique, and we used the SWMM model to obtain simulated results. Three indicators were selected: runoff reduction, peak flow reduction, and economical cost. Finally, we provided an optimal scheme for sponge city construction in the case study. The simulation results can provide useful guidance for the selection of LID techniques, and can also provide technical support for sponge city construction in urban areas. Some suggestions for sponge city construction are given in the conclusions.
Materials and Methods
In order to evaluate comprehensive benefits of LID techniques, Li et al. [13] proposed a comprehensive method based on three aspects: environmental benefits, economic benefits, and social benefits. Considering that social benefits might be difficult to be estimated accurately because of the limited data, we selected environmental benefits and economic benefits in this research. The evaluation procedure of comprehensive benefits is shown in Figure 1 . infiltration [21, 31] . The plants, such as small trees, wildflowers, and ferns, make excess rainwater feasible to flow into a rain garden. In order to make maintenance requirements desirable, rain gardens are to be located near institutions, such as community centers and schools [21] . Avellaneda et al. [32] showed that the flood hygrograph shifted downward after adding green infrastructure facilities such as green gardens.
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Study Area
The study area was located in the Sucheng district of Suqian city in China, which is surrounded by rivers. It is part of Sucheng district and covers a total area of 270 ha. Sucheng district is the economic center of Suqian city and has an average annual rainfall of 914.9 mm. The rainfall depth 
The study area was located in the Sucheng district of Suqian city in China, which is surrounded by rivers. It is part of Sucheng district and covers a total area of 270 ha. Sucheng district is the economic center of Suqian city and has an average annual rainfall of 914.9 mm. The rainfall depth can reach 1459.6 mm in wet years. Influenced by a monsoon climate, the rainfall volume is quite unevenly distributed, causing droughts in the spring, autumn, and winter, but frequent rainstorms in the summer [35] . Moreover, the urban area ratio of the study area was more than 80%. Although the densities of the river net are high, flood disasters happen frequently in the study area. During the storm in 17 September 2010, seventeen communities were left without power because of soaked electrical equipment. Direct economic losses amounted to 0.33 billion dollars [36] . During the storm in 23 June 2016, the rainfall depth reached 168 mm within 120 min. Many vehicles were trapped in low-lying areas because of severe waterlogging [37] . Therefore, it is of great significance to design a desirable urban drainage system in Sucheng district to drain excess runoff in time.
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Determination of Parameters
Water quantity simulation is related to underlying surfaces, and parameters in SWMM are very important to the accuracy of simulation results [20] . Initial water quantity parameters were selected based on empirical values recommend in the SWMM manual. Then, parameters were calibrated and validated based on the comprehensive runoff coefficient (CRC) method [23] . Manning's roughness coefficients for the impervious area (N-Imperv) and the pervious area (N-Perv) were 0.012 and 0.1, 
Water quantity simulation is related to underlying surfaces, and parameters in SWMM are very important to the accuracy of simulation results [20] . Initial water quantity parameters were selected based on empirical values recommend in the SWMM manual. Then, parameters were calibrated and validated based on the comprehensive runoff coefficient (CRC) method [23] . Manning's roughness coefficients for the impervious area (N-Imperv) and the pervious area (N-Perv) were 0.012 and 0.1, respectively; the depth of depression storage on the impervious area (Destore-Imperv) was 3.2 mm, and that on the pervious area (Destore-Perv) was 6.6 mm. We chose the Horton model as the infiltration method. The maximum infiltration rate was 75 mm/h, while the minimum rate was 3.81 mm/h.
We selected these four LID techniques based on the land-use type of the study area, the suggestion of the relevant authority's research [38] , and the layout principle of LIDs proposed by Bai et al. [23] and Huang et al. [39] . Green roofs were selected because there are many buildings with traditional roofs in the study area; permeable pavements were selected because there are pedestrian roads, parks, and squares in the study area; rain gardens were selected because there are institutions in the study area; and concave greenbelts were selected because most of the study area comprises low-lying areas. Partial parameters of each LID technique are shown in Tables 1-4. 
Design Scenarios
In order to analyze the hydrological performance of each LID technique and to obtain the optimal proportions of the LID technique, four LID scenarios were designed based on the research of Zhang et al. [40] . As shown in Table 5 . Each LID facility was distributed based on the principles proposed by Huang et al. [39] and Bai et al. [23] . Green roofs, concave greenbelts, and rain gardens were deployed in densely populated communities; permeable pavements were deployed on pedestrian roads, parks, and squares; and concave greenbelts and rain gardens are deployed in low-lying parts of the study area. There were 24 sub-scenarios in total because each scenario had six sub-scenarios. In scenario 1, the area of green roofs increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. In scenario 2, the area of permeable pavements increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. In scenario 3, the area of concave greenbelts increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. In scenario 4, the area of rain gardens increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. A (83.7742 ha) was the maximum construction area for green roofs, B (45.2075 ha) was the maximum construction area for permeable pavements, C (61.1726 ha) was the maximum construction area for concave greenbelts, and D (50.0771 ha) was the maximum construction area for rain gardens. The proportion of maximum construction area (40%) was determined based on the findings of Zhang et al. [40] . An illustration of the distribution of the four LID facilities for the study area is shown in Figure 3 . Zhang et al. [40] . As shown in Table 5 . Each LID facility was distributed based on the principles proposed by Huang et al. [39] and Bai et al. [23] . Green roofs, concave greenbelts, and rain gardens were deployed in densely populated communities; permeable pavements were deployed on pedestrian roads, parks, and squares; and concave greenbelts and rain gardens are deployed in lowlying parts of the study area. There were 24 sub-scenarios in total because each scenario had six subscenarios. In scenario 1, the area of green roofs increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. In scenario 2, the area of permeable pavements increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. In scenario 3, the area of concave greenbelts increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. In scenario 4, the area of rain gardens increased in intervals of 20% from 0% to 100%, while the areas of the other LID facilities occupied 40% of the corresponding maximum construction area. A (83.7742 ha) was the maximum construction area for green roofs, B (45.2075 ha) was the maximum construction area for permeable pavements, C (61.1726 ha) was the maximum construction area for concave greenbelts, and D (50.0771 ha) was the maximum construction area for rain gardens. The proportion of maximum construction area (40%) was determined based on the findings of Zhang et al. [40] . An illustration of the distribution of the four LID facilities for the study area is shown in Figure 3 . 
Rainfall Simulation
In this research, the Chicago hydrograph model [41] was adopted for the rainfall simulation. The storm events were based on the relationship of rainstorm intensity-duration-frequency in Suqian city, as shown in Equation (1) [42] .
where P is the return period (year), t d is the rainfall duration (min), and i is the rainfall intensity (mm/min). The time-to-peak ratio r was set at 0.4. The relationship between rainfall depth and annual total runoff control rate (ATRCR) in Suqian city was examined based on the statistical method of historical rainfall events, from which an ATRCR of about 80% was used for the case of approximately 42 mm of rainfall depth [43] . Therefore, we determined a return period of 80% for the design rainfall, with a rainfall depth of 46.13 mm in 180 min [40] . We chose the rainfall duration of 180 min based on the relevant literature [42] . The design hyetograph developed for the study area from Equation (1) and a return period of 80% is shown in Figure 4 . 
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Design of an Evaluation System Based on AHP Method
AHP was developed by Saaty in the 1970s mainly for multiple-criteria decision problems [44] . It is widely used in fields such as business, education, and industry. In this study, we used AHP to weight selected indicators. We used a weighted summation of indicator values to calculate individual benefits, as described in Equations (2) and (3).
where Bim refers to the benefit i in scenario m, Wki, refers to the indicator Wki's weight of benefit i, Ikm, and Xkm refer to the normalized value and original value of indicator k in scenario m, M refers to the total number of LID scenarios, and k refers to the total number of indicators.
The comprehensive benefit was determined based on the environmental benefit and economic benefit (i.e., economic cost). The values of these indicators were ranked as follows: environmental benefit (0.691) > economic benefit (0.309). The environmental benefit was a positive number, but 
AHP was developed by Saaty in the 1970s mainly for multiple-criteria decision problems [44] . It is widely used in fields such as business, education, and industry. In this study, we used AHP to weight selected indicators. We used a weighted summation of indicator values to calculate individual benefits, as described in Equations (2) and (3). where B im refers to the benefit i in scenario m, W ki , refers to the indicator W ki 's weight of benefit i, I km , and X km refer to the normalized value and original value of indicator k in scenario m, M refers to the total number of LID scenarios, and k refers to the total number of indicators. The comprehensive benefit was determined based on the environmental benefit and economic benefit (i.e., economic cost). The values of these indicators were ranked as follows: environmental benefit (0.691) > economic benefit (0.309). The environmental benefit was a positive number, but economic benefit was a negative number. Sub-indicators of environmental benefit were runoff reduction (0.667) and peak reduction (0.333) [6] . The indicator became more important as the weight value increased. Based on regional price-level changes and relevant literature [40, 45] , the economic costs of typical LID measures in Suqian city were determined, as shown in Table 6 . 
Results and Discussion

Environmental Benefits
Environmental benefits were represented by two corresponding sub-indicators of runoff reduction and peak reduction, which were simulated to compare their reduction rates before and after the addition of LID measures. Changes in quantity of runoff (runoff volume reduction, peak reduction) are presented in Tables 7 and 8 and Figure 5 . Tables 7 and 8) ; (e) runoff reduction rates of the LID technique when the LID proportion of maximum construction area was set at 100% (column 7 of Tables 7 and 8 ).
It was obvious that the reduction rates increased with the increase of the LID proportion of maximum construction area, and the difference values varied between various proportions of the LID facilities. For scenario 1 with varying proportions of green roofs, the reduction rates of runoff volume and peak flow changed from 20.81% and 19.00% to 58.37% and 55.54%. For scenario 2 with varying proportions of permeable pavements, the reduction rates of runoff volume and peak flow changed from 28.24% and 24.80% to 47.11% and 43.97%. For scenario 3 with varying proportions of concave greenbelts, the reduction rates of runoff volume and peak flow changed from 27.75% and Tables 7 and 8) ; (e) runoff reduction rates of the LID technique when the LID proportion of maximum construction area was set at 100% (column 7 of Tables 7 and 8 ).
It was obvious that the reduction rates increased with the increase of the LID proportion of maximum construction area, and the difference values varied between various proportions of the LID Water 2019, 11, 341 10 of 14 facilities. For scenario 1 with varying proportions of green roofs, the reduction rates of runoff volume and peak flow changed from 20.81% and 19.00% to 58.37% and 55.54%. For scenario 2 with varying proportions of permeable pavements, the reduction rates of runoff volume and peak flow changed from 28.24% and 24.80% to 47.11% and 43.97%. For scenario 3 with varying proportions of concave greenbelts, the reduction rates of runoff volume and peak flow changed from 27.75% and 25.15% to 47.91% and 43.38%. For scenario 4 with varying proportions of rain gardens, the reduction rates of runoff volume and peak flow changed from 30.35% and 27.07% to 44.06% and 40.34%. Taking scenario 1 as an example, the difference values for each proportion of green roofs in runoff reduction were 7.46%, 7.48%, 7.51%, 7.54%, and 7.57%, and those in peak reduction were 6.39%, 6.74%, 7.13%, 7.15%, and 8.52%. The results presented that reduction rates of runoff and peak flow increased more rapidly with the increasing surface area of the LID facility. The reduction rate ranged from 0.27% to 0.45% for runoff volume, and from 0.27% to 0.44% for flow peak.
In general, the reduction rates of LID facilities per unit area (ha) were ranked as follows: green roof > permeable pavement > concave greenbelt > rain garden. Li et al. [13] obtained similar results in their research, whereby concave greenbelts performed better in runoff reduction than rain gardens. In this paper, despite concave greenbelts performing better in runoff reduction than rain gardens, the difference values of runoff reduction rates between concave greenbelts and rain gardens were smaller with the decreasing LID proportion of maximum construction area. The reason might be that the hydrological efficiency of LID measures was influenced by the LID proportion of maximum construction area. Liao et al. [7] thought that permeable pavements performed better than green roofs in runoff and peak reduction, with a permeable pavement area of 2.85 ha and a green roof area of 0.86 ha. As shown in Figure 5 , with the decrease in LID proportion of maximum construction area, permeable pavements gradually performed better than green roofs in peak reduction. Li et al. [46] found that permeable pavements with an area of about 0.57 ha performed poorly with regard to the peak flow, but performed well in reducing runoff volume. In this project, permeable pavements performed better in runoff reduction than peak reduction when the LID proportion of maximum construction area was less than 80%. When the LID proportion of maximum construction area was 100%, permeable pavements performed better in peak reduction than runoff reduction. The reason is that the area of LID measures influences the hydrological efficiency.
Economic Costs
Costs of LID facilities were determined based on the local price level and the researches of Zhang et al. [40] and Tang et al. [45] . We selected the typical price of LID facilities as follows: $25.48 per m 2 for green roofs, $21.84 per m 2 for permeable pavements, $7.28 per m 2 for concave greenbelts, and $65.52 per m 2 for rain gardens. Calculated values are shown in Table 9 . 
Comprehensive Benefits of Various LID Scenarios
The evaluation of comprehensive benefits depended on the individual benefits, the evaluation process of which is summarized in Figure 1 . The objective function was given by Equation (2) . The objective function values of different price conditions in various LID scenarios are shown in Figure 6 .
The evaluation of comprehensive benefits depended on the individual benefits, the evaluation process of which is summarized in Figure 1 . The objective function was given by Equation (2) . The objective function values of different price conditions in various LID scenarios are shown in Figure  6 .
(a) (b) The weighted summation of normalized indicator values was used to calculate the comprehensive benefits. While the objective function values became bigger, the comprehensive benefits became greater. In scenario 1, the comprehensive benefits ranged from 0.026 to 0.103, while the prices of green roofs ranged from 23.30 ($/m 2 ) to 30.58 ($/m 2 ). In scenario 2, the comprehensive benefits ranged from 0.05 to 0.086, while the prices of permeable pavements ranged from 17.47 ($/m 2 ) to 32.03 ($/m 2 ). In scenario 3, the comprehensive benefits ranged from 0.044 to 0.089, while the prices of concave greenbelts ranged from 6.55 ($/m 2 ) to 21.84 ($/m 2 ). In scenario 4, the comprehensive benefits ranged from 0.048 to 0.073, while the prices of rain gardens ranged from 58.24 ($/m 2 ) to 160.16 ($/m 2 ). For scenario 1, scenario 2, and scenario 3, the comprehensive benefits increased with the increasing area of LID facilities, but the increase rate was reduced with the increase of LID facility prices. For scenario 4, the comprehensive benefits decreased with the increasing area of LID facilities, but the decrease rate increased with the increase of LID facility prices.
In general, in order to provide maximum comprehensive benefits for sponge city construction, combined scenario 1 was considered the top priority, where the green roof facility, permeable pavement facility, and concave greenbelt facility accounted for 100% of the maximum construction area of corresponding LID facilities, and the rain garden facility accounted for 0%. Since combined scenario 2 (A* 40%, B* 40%, C* 40%, D* 40) had a relatively smaller comprehensive benefit, but, at the same time, a smaller area than that of combined scenario 1, the results indicated that combined scenario 2 could be an alternative. The LID proportion of maximum construction area of about 40% was determined based on the experience of Zhang et al. [40] . In addition, all the comprehensive benefits of LID scenarios were positive numbers. According to the LID proportion of maximum construction area in 24 scenarios, the results suggested that the comprehensive benefits would improve with a larger area of green roofs, permeable pavements, and concave greenbelts, but a smaller area of rain gardens.
Conclusions
The utilization of LID measures is increasingly important for sponge city construction. To The weighted summation of normalized indicator values was used to calculate the comprehensive benefits. While the objective function values became bigger, the comprehensive benefits became greater. In scenario 1, the comprehensive benefits ranged from 0.026 to 0.103, while the prices of green roofs ranged from 23.30 ($/m 2 ) to 30.58 ($/m 2 ). In scenario 2, the comprehensive benefits ranged from 0.05 to 0.086, while the prices of permeable pavements ranged from 17.47 ($/m 2 ) to 32.03 ($/m 2 ). In scenario 3, the comprehensive benefits ranged from 0.044 to 0.089, while the prices of concave greenbelts ranged from 6.55 ($/m 2 ) to 21.84 ($/m 2 ). In scenario 4, the comprehensive benefits ranged from 0.048 to 0.073, while the prices of rain gardens ranged from 58.24 ($/m 2 ) to 160.16 ($/m 2 ). For scenario 1, scenario 2, and scenario 3, the comprehensive benefits increased with the increasing area of LID facilities, but the increase rate was reduced with the increase of LID facility prices. For scenario 4, the comprehensive benefits decreased with the increasing area of LID facilities, but the decrease rate increased with the increase of LID facility prices.
The utilization of LID measures is increasingly important for sponge city construction. To provide a reasonable layout of LID measures in Sucheng district, a comprehensive evaluation system was proposed to quantify the performance of different LID scenarios with regard to the environment and economy. Based on the results of this project, several conclusions can be made as follows:
(1) For environmental benefits, results show that runoff reduction varies with different LID facilities; the green roof performed best, while the rain garden performed worst. The performance of each LID facility in runoff and peak reduction varied with the LID proportion of maximum construction area. As the LID proportion of maximum construction area became smaller, the capacity for stormwater management of each LID facility was limited. Specifically, with the increase of the LID proportion of maximum construction area, green roofs performed better than permeable pavements in reducing runoff volume and peak flow, and permeable pavements performed better in peak reduction than runoff reduction. Compared with the results of Liao et al. [7] and Li et al. [46] , the influence of LID proportion of maximum construction area on hydrological performance was evaluated. Overall, LID facilities performed better in the reduction of runoff volume than peak flow.
(2) For economic costs, the unit cost of each LID facility was ranked as follows: rain garden > green roof > permeable pavement > concave greenbelt. The rain garden was the most expensive, while the concave greenbelt was the cheapest.
(3) The comprehensive benefits presented various trends with different proportions of LID facilities. Increased surface area of green roofs, permeable pavements, and concave greenbelts, with fewer rain gardens are suggested for maximum comprehensive benefits; however, combined scenario 2 (A* 40%, B* 40%, C* 40%, D* 40) could also be an alternative. These results can be the reference for the optimization of LID facilities in sponge city construction in Sucheng district. Sponge city construction in the study area can achieve desirable comprehensive performance based on the proposed evaluation system. However, more detailed modeling studies should be taken into account before practical uses of these results, so as to apply LID schemes effectively. In this case, some neglected factors, such as the social factor and water quality factor, might lead to limitations in evaluating the comprehensive benefits of each LID scenario. Despite the limitations, the conclusions are valuable for sponge city construction. For future research, we can carry out a systematic study based on a more integrated methodology, as well as in accordance with specific conditions and actual planning of a sponge city. 
